Members of the APOBEC3 family of cytidine deaminases vary in their proportions of a virion-incorporated enzyme that is localized to mature retrovirus cores. We reported previously that APOBEC3F (A3F) was highly localized into mature human immunodeficiency virus type 1 (HIV-1) cores and identified that L306 in the C-terminal cytidine deaminase ( 
T
he members of the apolipoprotein B mRNA-editing enzyme catalytic, polypeptide-like (APOBEC3, or A3) family of cytidine deaminases vary in several properties, and understanding these biological differences will be critical to exploit their potential for therapeutic use in humans. A3s differentially block replication of endogenous retrotransposons (1) (2) (3) (4) (5) (6) (7) (8) , endogenous retroviruses (9) (10) (11) , exogenous retroviruses (12) (13) (14) (15) (16) (17) (18) , adeno-associated virus (19, 20) , and hepadnavirus (21) (22) (23) . Family members also differ in potency of virus restriction, deaminase target sequence specificity, relative magnitude of cytidine deaminase-dependent antiviral activity, and evasion of viral countermeasures, such as the virion infectivity factor (Vif) of human immunodeficiency virus type 1 (HIV-1).
We recently reported that A3F and A3G, two family members that are relevant for human restriction of HIV-1 replication, differed in their relative magnitude of localization to virion cores (24) . This is consistent with variation across the A3 family in the proportion of virion-packaged enzyme localized to cores. Mouse APOBEC3 (mA3) was localized in the cores of mouse mammary tumor virus and murine leukemia virus. It has antiviral activity against those viruses (25) (26) (27) . Increasing virion-incorporated mA3 also increased the amount localized to cores (25) . It also has been reported that human APOBEC3A (A3A) was not localized to HIV-1 cores and lacked HIV-1 restriction activity despite virion incorporation; however, it gained antiviral activity when fused to another protein that promoted its localization into virion cores (28, 29) .
The current work focused on further characterizing genetic determinants of the high degree of core localization of A3F (24) and studying whether the degree of A3F core localization affects retroviral restriction. In addition, we tested the hypothesis that the magnitude of A3F's localization into the mature viral core is not determined only by the amount that is packaged into the virion (24, 25) . This hypothesis was suggested by several earlier results (24) . Previously, we demonstrated that a chimeric A3F with its N-terminal CD domain replaced by glutathione S-transferase (GST) maintained a level of incorporation into HIV-1 virions similar to that of the wild-type (WT) A3F but exhibited decreases in both core localization and HIV restriction (24) . The data presented here identified specific amino acid residues in A3F that play crucial roles for core localization and viral restriction without changing packaging into retrovirus virions. Our results suggest that studying core localization will help efforts to increase activities of A3F and other A3s against HIV, other retroviruses, hepatitis B virus (HBV), and parvoviruses.
MATERIALS AND METHODS
Cell lines and culture conditions. HEK293T cells were obtained from the ATCC. TZM-bl cells were obtained through the NIH AIDS Research and Reference Reagent Program from John C. Kappes, Xiaoyun Wu, and Tranzyme, Inc. The TZM-bl indicator cell line, used for infectivity assays, is a genetically engineered HeLa cell clone expressing CD4, CXCR4, CCR5, and Tat-responsive firefly luciferase and Escherichia coli ␤-galactosidase under the control of an HIV-1 long terminal repeat. HEK293T and TZM-bl cells were maintained in Dulbecco's modified Eagle medium (DMEM; containing 4.5 g/liter glucose, L-glutamine, and sodium pyruvate) plus 10% fetal bovine serum, 50 IU/ml penicillin, and 50 g/ml streptomycin at 37°C and 5% CO 2 .
Plasmids. A pNL4.3 Vif-null mutant, in which tandem nonsense mutations were introduced in codons 26 and 27 of the Vif open reading frame, was constructed by Ann Sheehy and acquired with her permission from Una O'Doherty. The NL4.3 Vif-null clone originally was derived from a full-length infectious HIV-1 clone, pNL4.3, and was isogenic with it except for the nonsense mutations in the Vif gene. The A3F expression plasmid was constructed as described before (24) . The pcDNA3.1 HA-A3F expression plasmid was constructed by PCR amplification of A3F sequences from pcDNA3.1 A3F using an A3F-specific forward primer encoding the hemagglutinin (HA) epitope with a 5=-XbaI site and the vector-specific bovine growth hormone (BGH) reverse primer. Amplified HA-A3F DNA fragments were digested with XbaI and HindIII and inserted in XbaI/HindIII-digested pcDNA3.1(Ϫ). The resulting construct was confirmed by DNA sequencing. The A3C expression plasmid was obtained through the NIH AIDS Research and Reference Reagent Program, Division of AIDS, NIAID, NIH, deposited by B. M. Peterlin and Y.-H. Zheng (30) . The pcDNA3.1 HA-A3F/C-Tail expression plasmid, in which A3F C-terminal amino acid residues 348 to 373 were replaced with A3C C-terminal residues 165 to 190, was constructed by ligating the Cterminal 488-bp A3C XbaI/BsrGI fragment with the N-terminal 1,064-bp XbaI/BsrGI fragment from pcDNA-HA-A3F in pcDNA3.1(Ϫ). Mutations were introduced into the pcDNA-HA-A3F plasmid template using appropriate mutagenic primers by a mega-primer PCR method as described previously (31) . Mutations were confirmed by DNA sequencing. The sequences of primers used for the construction of all expression plasmids are available upon request.
Antibodies. The following antibody was obtained through the NIH AIDS Research and Reference Reagent Program, Division of AIDS, NI-AID, NIH: anti-APOBEC3F(C18) polyclonal antibody, which recognizes the C-terminal tail of A3F, from M. Malim (32) . Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and anti-␤-actin monoclonal antibody (clone AC-74) were from Sigma. Anti-HA rabbit polyclonal antibody was from United States Biologicals. Anti-p24 monoclonal antibody 183-H12-5C was from the Vanderbilt-Meharry Center for AIDS Research Virology Core.
Immunoblotting. HEK293T cells were plated at a density of 6 ϫ 10 5 cells/well in a 6-well culture plate 24 h prior to transfection with 1 g of pNL4.3 Vif-null and various amounts of HA-A3F WT, HA-A3F/C-Tail, or other A3F mutants, as indicated in individual figure legends. Linear polyethylenimine (PEI; 25 kDa; Polysciences, Inc.) was used as described previously (33) . Forty-eight hours after transfection, cells were lysed in 250 l of cell lysis buffer (1ϫ Dulbecco's phosphate-buffered saline [Mediatech, Inc.], 1 mM Na 2 EDTA, 0.5% [vol/vol] Triton X-100, and complete mini protease inhibitor mixture without Na 2 EDTA [Roche]) and centrifuged at 10,000 ϫ g for 5 min at 4°C. Cell lysates were combined with 25 l of 2ϫ SDS-protein sample buffer (100 mM Tris-HCl, pH 6.8, 4 mM Na 2 EDTA, 4% SDS, 4% 2-mercaptoethanol, 20% glycerol, 0.1% bromphenol blue), heated at 100°C for 5 min, and analyzed by electrophoresis through a 12.5% SDS-polyacrylamide gel. After electrophoresis, separated proteins were transferred to an Immobilon-P membrane (Millipore) and processed for Western blot analysis using protein-specific antibodies with chemiluminescent detection. Control experiments also evaluated if A3F-transfected HEK293T cells secrete microvesicles containing A3F, and no evidence of this was identified. Six million 293T cells were transiently transfected with 12 g of A3F expression plasmids, either the WT or mutants (A3F L122A, L184A, and L368A). Cell lysates and supernatant fluids were collected 2 days after transfection. Supernatant fluids were processed exactly as were those containing viral particles for sucrose density gradient analyses (described below). The resulting cell lysates and centrifuged supernatant fluids were analyzed using immunoblotting, with blotting for GAPDH in cell lysates as a positive control. No A3F immunoreactivity was detectable in the centrifuged supernatants, despite abundant cellular expression of each A3F and GAPDH (data not shown). This is consistent with a lack of microvesicle secretion from HEK293T cells, as previously reported by others (34) . Sucrose density gradient centrifugation. HEK293T cells were plated at a density of 6 ϫ 10 6 cells/100-mm culture dish 24 h prior to transfection. Cells were cotransfected with 15 g of pNL4.3 Vif-null proviral clone and various amounts of A3 expression plasmid DNA, as indicated in the individual figure legends. Culture supernatants were collected 48 h after transfection, and cellular debris was removed by centrifugation or filtration through a 0.45-m filter. HIV-1 particles then were concentrated by ultracentrifugation (100,000 ϫ g for 3 h at 4°C) through a 20% (wt/vol) sucrose cushion in STE buffer (10 mM Tris-HCl, pH 7.4, 100 mM NaCl, 1 mM EDTA). Pelleted virions were resuspended in 300 l of STE buffer and subjected to ultracentrifugation (130,000 ϫ g for 16 h at 4°C) through a layer of 1% Triton X-100 into a linear 30 to 70% (wt/vol) sucrose density gradient, as described previously (35) . After centrifugation, 1-ml fractions were collected from the top of the gradient and stored at Ϫ20°C. Specific proteins in individual fractions were analyzed by SDS-PAGE and immunoblotting. A 0.1-ml volume of each fraction was diluted with 0.1 ml STE buffer, and the protein was precipitated with an equal volume of 20% trichloroacetic acid on ice for 30 min. The protein precipitate was washed twice with 0.3 ml acetone, air dried, and dissolved in 25 l of 2ϫ SDSprotein sample buffer. Samples were heated at 100°C for 5 min, and 5 l of each was fractionated by electrophoresis through a 12.5% SDS-polyacrylamide gel. After electrophoresis, separated proteins were transferred to an Immobilon-P membrane and processed for Western blot analysis using protein-specific antibodies with chemiluminescent detection.
Viral infectivity assay. TZM-bl indicator cells were plated at a density of 10,000 cells/well in a 96-well culture plate 24 h prior to infection and incubated at 37°C (5% CO 2 ). On the day of infection, the culture medium was removed and the cells inoculated in triplicate with 100 l of 2-fold serial dilutions of viral supernatants in culture medium containing 20 g/ml DEAE-dextran. After 24 h of incubation, culture medium was removed from each well and replaced with 100 l of britelite plus luciferase assay substrate (PerkinElmer). Following 5 min of incubation at room temperature, 75 l of each cell lysate was transferred to a 96-well OptiPlate 96 (PerkinElmer), and luminescence was measured in a VICTOR X2 multilabel reader (PerkinElmer).
Generation of A3F structural model. An A3F model was built using Rosetta 3.3, a software suite for predicting and designing protein structures, protein folding mechanisms, and protein-protein interactions (36) . The 1.38-Å-resolution structure of A3G, Protein Data Bank (PDB) entry 3V4K (37) , was used to build this model in order to gain more information about amino acid side chains than is present in the published structure of a modified A3F C-terminal CD domain, PDB entry 4IOU (38) . The sequence of the C-terminal domain of A3F used for building the model (GenBank accession number NP_660341.2, residues 193 to 373) differed from that of the expression construct used in the biological experiments by a single amino acid, with the expression construct containing an isoleucine and the computational model a valine residue at amino acid 231. This difference was inadvertently introduced during cloning of the expression construct. This A3F sequence was aligned to an edited sequence of the A chain of 3V4K from which irrelevant atoms, such as ions and ligands, had been removed. This sequence alignment was used to thread the A3F sequence onto the A3G crystal structure. In a two-step procedure, loop regions missing from the 3V4K structure were constructed, the A3F model was relaxed, and A3F loops then were rebuilt to sample a larger conformational space (36, 37, 39) . Twenty thousand candidate models were generated initially. The top 2,000 scoring models were clustered by root-mean-square distance (RMSD) and ranked by Rosetta energy score. The data and protocol used for Rosetta are detailed in Fig. S1 in the supplemental material. The best-scoring models of the 10 largest clusters were selected to represent the potential conformational diversity of the loops in A3F. All models were visualized and figures were made using molecular visualization software (PyMOL Molecular Graphics System, version 1.5.0.4; Schrödinger, LLC).
RESULTS

Structural model of C-terminal CD domain of A3F indicated possible hydrophobic interaction(s) between L306 and residues
in ␣-helix 6 of the protein. In a high-resolution crystal structure of a modified A3F C-terminal CD domain, PDB entry 4IOU (38) , the L306 side chain (Fig. 1A ) previously identified as necessary, but not sufficient, for extensive localization of A3F into the mature virion core (24) was close to the C-terminal ␣-helix 6 leucines at positions 364 and 368 (Fig. 1A ). These leucines, as well as L372, in the A3F C-terminal ␣-helix 6 each had their side chains oriented toward the interior of the protein (38) . However, amino acid side chains were not fully built in the published model of the A3F structure. Therefore, structural models of A3F also were built based on homology to the highest-resolution structure of a modified A3G C-terminal CD domain published to date, which did have side chains (PDB entry 3V4K [37] ), using Rosetta 3.3 (36) . A model built on homology to A3G compared well to the A3F crystal structure (38) and also supported the hypothesis that L364 and L368 have hydrophobic interactions with L306. In each of the energy-minimized models of A3F structures derived from the (A) The structure of the entire modified A3F C-terminal CD domain (PDB entry 4IOU) (38), resolved to 2.75 Å, is depicted. (B) The relevant C-terminal region is magnified from the published determination of the structure of the A3F C-terminal CD domain (PDB entry 4IOU) (38) . The ␣-helix 6 is on the bottom, with the C terminus of the protein to the left. The DNA substrate recognition loop between ␤-sheet 4 and ␣-helix 4 is on the top and includes L306, which is oriented downwards. L368 in ␣-helix 6 is to the left of L306 and oriented upward. L364 in ␣-helix 6 is to the right of L306 and oriented upward. L306 is closer to L368 than L364. The amino acid side chains are not fully built in this model, as deposited in the PDB. The wire mesh-like overlay is a representation of the volume of the amino acid side chains in the model. (C) The same potential interaction was seen in different models of A3F based on homology to the better-resolved (1.38 Å) structure of a modified A3G C-terminal CD domain (PDB entry 3V4K) (37) . One representative homology model of A3F from among the best-scoring models (using Rosetta 3.3) (36) is depicted. The wire mesh-like overlay is a representation of the volume of the amino acid side chains in the model. ␣-Helix 6 is on the bottom, with the C terminus of the protein to the left. The DNA substrate recognition loop between ␤-sheet 4 and ␣-helix 4 is at the top of the figure and includes L306, which is oriented downwards. L368 in ␣-helix 6 is to the left of L306 and oriented upward. L364 in ␣-helix 6 is to the right of L306 and oriented upward. Distances are less than 4 Å and are estimated to allow hydrophobic interactions between the hydrogen atoms of L306 and L368; distances are slightly greater between atoms of L306 and L364. L372 is not shown, as it is one residue before the C terminus and too distant to potentially interact with L306. There were 18 additional amino acids at the N terminus of the A3F sequence whose structure was experimentally determined (38) relative to the A3F sequence used for building models based on homology to the A3G used here. Among the residues in common between A3F used here and that described in reference 38, 93.9% of the amino acids were identical. There were differences, however, in three of the nine amino acids in the DNA substrate recognition loop from residues 307 to 315 (the loop between ␤-strand 4 and ␣-helix 4). The published crystal structures of A3G (37) and A3F (38) also differed markedly in number, sequence, and orientation of the amino acid backbone of the DNA substrate recognition loop from residues 307 to 315, although L306 was positioned very similarly in the published crystal structures of A3G (37) and A3F (38) . The amino acid backbone structure of the A3F homology model determined here differed from that of PDB entry 4IOU by an overall RMSD of 3.2 Å, with a smaller difference between them specifically in ␣-helix 6 (RMSD of 1.5 Å), validating the homology-based model. A3G structure (one representative structure of the top-scoring models is shown in Fig. 1B) , the carbon atoms of L306 and L368 were approximately 4 Å apart or less, a distance that could permit hydrophobic interactions between L306 and L368 residues. The distances estimated between L306 and L364 were slightly greater in our models. L372 was even more distant from L306 in both the published A3F structure and the homology model based on the A3G structure, suggesting that L372 lacked the potential to interact with L306.
Deletions of the ␣-helix 6 residues decrease core localization of A3F. The amino acid sequence of the C-terminal ␣-helix 6 starts at residue 358 in A3F (38, (40) (41) (42) . By introducing a stop codon in A3F at either amino acid 350 (HA-A3F 350) or 360 (HA-A3F 360), truncated mutants lacking all of the ␣-helix 6 region of A3F were constructed ( Fig. 2A) . The effect of each truncation mutant on viral core localization then was tested by cotransfecting HEK293 cells with the Vif-null NL4.3 proviral clone and the truncation mutant A3F expression plasmids. The resulting viral particles were concentrated and analyzed using sucrose density gradients followed by immunoblotting (Fig. 2B ). Wild-type (WT) A3F protein concentrated in gradient fractions corresponding to mature cores (fractions 9 and 10) (Fig. 2B HA-A3F WT). However, virion HA-A3F 350 and HA-A3F 360 proteins were distributed across sucrose density gradient fractions more broadly than HA-A3F WT (Fig. 2B , second and third gradients). The majority of both truncated mutant A3F proteins were found in fractions 5 to 8, with a small amount in one core component-containing fraction.
The C-terminal ␣-helix 6 truncations altered more than the conserved leucines. We assessed whether residues other than the C-terminal ␣-helix 6 leucines (at A3F residues 364, 368, and 372) affected core localization by using a chimeric A3F-A3C mutant protein. The number of amino acid residues in the C-terminal ␣-helix 6 of A3C is identical to that of A3F. However, only three of these amino acids are conserved between A3C and A3F; these are the leucines corresponding to A3F L364, L368, and L372 ( Fig. 2A) . Using a unique restriction site, we constructed a chimera with the A3F residues starting at amino acid 348 replaced by the corresponding C-terminal 26 residues of A3C (HA-A3F/C-Tail); the A3C residues differ in every position other than the three leucines from the corresponding A3F residues (Fig. 2A, boxed region, and  C) . Levels of cellular expression and viral incorporation of HA-A3F/C-Tail protein were equivalent to that of HA-A3F WT (data not shown). A sucrose density gradient indicated that HA-A3F/CTail localized in mature virion cores as well as HA-A3F WT (Fig.  2D) . HA-A3F/C-Tail also retained the same magnitude of antiviral activity against Vif-null HIV-1 NL4.3 as wild-type A3F (data not shown). These results are consistent with a role in core localization for one or more of the leucine residues in ␣-helix 6 of both A3C and A3F.
Mutation of L368 in the A3F C-terminal ␣-helix 6 diminishes A3F's core localization and its antiviral activity. Since the results described above suggested that one or more of the 3 conserved residues in the A3F C-terminal ␣-helix 6 (A3F L364, L368, and L372; starred in Fig. 2A ) contribute to A3F's core localization, we introduced both single-and double-alanine substitution mutations into each of them (Fig. 3A) . The effects of these mutations on cellular expression, viral incorporation, infectivity, and core localization of A3F were tested as described in Materials and Methods.
Levels of cellular expression (Fig. 3B ) and virion incorporation (Fig. 3C) of each of the mutants with alanine replacing one of the Tail (second gradient) had mature core localization similar to that of HA-A3F-WT (first gradient), with much of the A3 being found in fractions 9 and 10 that also contain mature core-localized capsid (p24 Gag ).
␣-helix 6 conserved leucine single mutants (L364A, L368A, and L372A; Fig. 3B and C, lanes 4, 5, and 6, respectively) were comparable to those of wild-type A3F (lane 2). The single L306A mutant that was characterized previously (lane 3) had slightly lower levels of cellular protein and viral incorporation, as seen before (24) . In addition, each of the double C-terminal leucine mutants (L364A/ L368A, L368A/L372A, and L306A/L368A; Fig. 3C , lanes 7, 8, and 9, respectively) also had a slight decrease in levels of cellular protein ( Fig. 3B ) and virion incorporation ( Fig. 3B and C) . Of note, decreased cellular levels and virion incorporation previously were Immunoblotting of cell lysates shows cellular expression of HA-tagged A3F variants relative to that of the actin loading control. Expression is decreased for L306A and each double mutant relative to that of HA-A3F-WT and the single ␣-helix 6 mutants (L364A, L368A, and L372A). (C) Immunoblotting of virion lysates shows virion incorporation of HA-tagged A3F variants relative to that of HIV p24 Gag . Virion incorporation is decreased for L306A and each double mutant relative to that of HA-A3F-WT and the single ␣-helix 6 mutants (L364A, L368A, and L372A). (D) Sucrose density gradient centrifugation followed by immunoblotting using specific antibodies and chemiluminescent detection showed differences in quantitative encapsidation of the single mutants. L306A (top gradient) and L368A (third gradient) were not quantitatively encapsidated, whereas L364A (second gradient) and L372A (fourth gradient) were. Each gradient also shows capsid (p24 Gag ) in mature core component-containing fractions. (E) Sucrose density gradient centrifugation followed by immunoblotting using specific antibodies and chemiluminescent detection showed that none of the double mutants, L306A/L368A (top gradient), L364/L368A (second gradient), and L368A/L372A (third gradient), was quantitatively encapsidated. Each gradient also shows capsid (p24 Gag ) in mature core component-containing fractions. (F) Equal amounts of viral particles were used to infect TZM-bl cells to test its effect on anti-HIV-1 activity. Decreased core localization diminished restriction of Vif-null HIV-1 NL4-3 by A3F. Wild-type A3F and mutants with wild-type levels of cellular expression (Fig. 5B ) and virion incorporation (Fig. 5C ) are depicted as gray bars. Antiviral activity against Vif-null HIV-1 was decreased for A3F L368A (lane 5) relative to that of wild-type A3F (lane 2). L364A and L372A had activity similar to that of the wild type (lanes 4 and 6, respectively). Since decreased virion incorporation is expected to diminish restriction, variants with decreased cellular expression (Fig. 5B ) and virion incorporation (Fig. 5C ) were compared only to each other and are shown as white bars. Among the variants with similarly reduced virion incorporation (Fig. 5C ), L306/L368 (lane 9) had anti-Vif-null HIV activity similar to that of the other two double mutants (lanes 7 and 8) and L306A (lane 3).
shown not to alter the distinctive magnitude of core localization of wild-type A3F versus A3G in sucrose density gradients (see Fig. 1 and 2 in reference 24). A3F L368A, which had levels of cellular expression and viral incorporation comparable to those of the wild-type A3F, was found predominantly in gradient fractions 6 to 8; only a small amount was present in one of the core component-containing fractions, fraction 9 (Fig. 3D, third gradient) . This was similar to the lesser core localization of the A3F L306A mutant (Fig. 3D , top gradient; also see Fig. 5B in reference 24) . In contrast, A3F mutants with either an L364A or L372A substitution displayed a distribution across gradient fractions similar to that of wild-type A3F; these two mutants each retained core localization similar to that of wild-type A3F (Fig. 3D, second and fourth gradients) . Each of the double mutants tested that contained L368A disrupted core localization (Fig. 3E) . However, both L306/L368A and L364A/ L368A mutants had less protein localized to the mature core component containing fractions 9 and 10 than did the other double mutant (L368/L372) (Fig. 3E, second gradient) . These results indicate that A3F L368 is one of the three ␣-helix 6 conserved leucines that contributes to core localization, along with A3F L306.
Comparisons of infectivity of those mutants against Vif-null HIV-1 were made across the three single ␣-helix 6 mutants (L364A, L368A, and L372A) that had levels of virion incorporation similar to that of wild-type A3F (Fig. 3F, gray bars) , since decreased incorporation itself is expected to diminish anti-HIV restriction activity. Infectivity also was compared across the variants with similarly decreased expression and virion incorporation (L306A and each of the 3 double mutants) (Fig. 3F, white bars) . HA-A3F L368A had decreased antiviral activity against Vif-null HIV-1 compared to that of HA-A3F WT (Fig. 3F, row 5 ). In contrast, HA-A3F L364A and HA-A3F L372A each displayed antiretroviral activity comparable to that of wild-type HA-A3F (Fig. 3F,  rows 2, 4, and 6 ). In contrast, antiviral activity was similarly decreased among the 4 variants with decreased incorporation (Fig.  3F, white bars) . Therefore, A3F L368A is the only one of these mutants that had decreased anti-HIV activity along with decreased core localization in the absence of any decrease in viral incorporation.
Homologous residues in the N-terminal domain of A3F (L122 and L184) also contribute to core localization and affect antiviral activity against Vif-null HIV-1. Amino acid sequence alignment of N-and C-terminal CD domains of A3F indicated that the C-terminal domain leucine residues critical for core localization also were conserved in the N terminus of A3F (Fig. 4A) . Therefore, individual alanine substitution mutations were introduced into these homologous residues in the A3F N-terminal CD domain (L122A, L180A, L184A, and L188A) to test their effect on core localization into the HIV-1 mature virion. These were introduced through site-directed mutagenesis, and mutations were confirmed using DNA sequencing. 293T cells that were transiently transfected with the Vif-null HIV-1 NL4.3 clone and either HAtagged WT or mutant A3Fs showed cellular expression of the single mutants (L122A, L180A, L184A, and L188A) comparable to that of wild-type A3F (Fig. 4B) . Each mutant protein was incorporated into viral particles at a level similar to that of the WT (Fig.  4C) . Sucrose density gradient analyses showed distributions across fractions for A3F L180A and L188A similar to that for WT A3F, with much of each mutant distributing in core componentcontaining fractions (Fig. 4D, second and fourth gradients) . However, the majority of HA-A3F L122A and L184A were found in fractions 4 to 8, with only a small amount in one of the core component-containing fractions 9 and 10 (Fig. 4D, first and third  gradients) . A3F L180A and L188A had antiviral activity against Vif-null HIV-1 equivalent to that of WT A3F, while A3F L122A and L184A mutants each had reduced activity (Fig. 4E) . Thus, L122A and L184A in the N-terminal domain of A3F also disrupted the extensive core localization and decreased antiviral restriction activity against Vif-null HIV-1. This corresponded to the effects of mutating the homologous C-terminal residues L306 and L368 of A3F.
Disrupting the implicated leucine pairs in both N-and C-terminal CD domains completely abrogates A3F's core localization and antiviral activity against Vif-null HIV-1. Each of the mutants studied thus far that decreased core localization (A3F L122A, L184A, L306A, and L368A) retained a single CD domain core localization signal and had a distribution in sucrose density gradient experiments similar to that of A3G ( Fig. 1 and 2 in reference  24) . In other words, some protein localized to core fractions, albeit less so than for WT A3F. We next tested whether mutating the two leucine pairs, one each in the N-and C-terminal CD domains of A3F, thereby affecting both domains, would more markedly affect core localization. We constructed double mutants with one leucine in each CD domain changed to alanine; the mutants were A3F L122A/L368A and L184A/L368A. (Since the cellular expression level of the L306A mutant is lower than that of WT A3F, we did not include that substitution in these double mutants.) The effects of the double mutants were tested on cellular expression, viral incorporation, antiviral activity, and core localization, as described in Materials and Methods. The double mutants displayed levels of cellular expression and viral incorporation similar to that of wildtype A3F (Fig. 5A and B) . However, both A3F L122A/L368A and L184A/L368A mutants were localized completely outside mature cores (Fig. 5C ) with no appreciable antiviral activity against Vifnull HIV-1 (Fig. 5D ).
DISCUSSION
A pair of leucines in each A3F CD domain is identified here as being necessary for core localization: L368 together with the previously described L306 in the C-terminal CD domain and L122 with L184 in the N-terminal CD domain. This extends our previous report that a greater proportion of virion-incorporated A3F than A3G colocalized with components of the mature virion core in linear sucrose density gradients following mild detergent treatment. Subsequently, others confirmed greater core localization of A3F than A3G using imaging of fluorescent-tagged fusion proteins (43), validating results of the density gradient methodology used here with an independent experimental approach. Our earlier results also identified that A3F had two core localization signals (24) . The current results add further evidence that signals in each of A3F's two CD domains work together to increase localization into the HIV-1 viral mature core. Substituting an alanine for one of the leucines in a single pair in one A3F domain decreased its core localization and restriction of Vif-null HIV-1. In contrast, substituting an alanine for a leucine in both of these leucine pairs in each domain completely abrogated A3F's core localization and restriction, even when virion incorporation itself was not affected. Further, these results indicate that core localization is genetically separable from virion packaging, as suggested by several earlier results (24, 44) , and that core localization contributes to the anti-HIV activity of A3F.
Structural modeling suggested that two leucines in the C-terminal domain ␣-helix 6 region of A3F (L364 and L368) were in close enough proximity for hydrophobic interaction within the interior of the protein with L306, which was previously characterized as contributing to A3F core localization. A3F mutants with truncations of the C-terminal ␣-helix 6 did not localize to cores, consistent with a role for ␣-helix 6. To exclude the possibility that residues other than the leucines in ␣-helix 6 contributed to core localization, we studied a chimeric protein in which the C-terminal ␣-helix 6 of A3F was replaced with the homologous region from A3C. The leucines corresponding to A3F L364, L368, and L372 were the only residues unchanged from those in A3F in this chimeric protein. The finding that this chimera was localized to cores similarly to A3F led to mutagenesis of each of the 3 leucine residues (364, 368, and 372). A3F L368A in the C-terminal deaminase domain decreased core localization; no change was seen with the mutagenesis of either of the other two conserved leucines in ␣-helix 6, A3F L364A or L372A. This confirmed that L306 and L368 both were necessary for core localization.
These two leucines in the C-terminal domain, L306 and L368, of A3F are in close enough proximity for hydrophobic interaction with each other in the published A3F C-terminal domain crystal structure (38) . An additional model was developed here by homology to a high-resolution structure of the A3G C-terminal domain (37, 41) in order to add more amino side chain information than was present in the solved A3F crystal structure. This also supported that A3F L368 was close enough to A3F L306 for hydrophobic or van der Waals interactions. The other A3F C-terminal ␣-helix 6 leucines, A3F L364 and A3F L372, were more distant from A3F L306 in both models.
The A3F C-terminal domain structure positions the L306/L368 leucine pair within the protein's interior (38) . Therefore, we spec- Gag . Virion incorporation was similar for all lysates. (D) Sucrose density gradient centrifugation and Western blotting using specific antibodies and chemiluminescent detection showed differences in core localization of the single mutants. L122A (top gradient) and L184A (third gradient) were not localized well to cores, as opposed to L180A (second gradient) and L188A (fourth gradient). Each gradient also shows capsid (p24 Gag ) in mature core componentcontaining fractions. (E) Equal amounts of viral particles were used to infect TZM-bl cells to test their effect on anti-HIV-1 activity. Antiviral activity against Vif-null HIV-1 was decreased for A3F with L122A (row 3) and L184A (row 5) mutants that lost the majority of core localization relative to that of wild-type A3F (row 1). A3F L180A (row 4) and A3F L188A (row 6) had activity similar to that of wild-type A3F.
ulate that this leucine pair, along with the homologous pair in the N-terminal domain, affect protein folding rather than mediating an interaction on the surface of the protein with a virion component that causes core localization. Indeed, the slightly decreased levels of cellular expression and virion incorporation of A3F L306A noted earlier (24) could be consistent with A3F L306A having deleterious effects on protein folding. However, none of the other three single mutations (L368A, L122A, and L184A) in the implicated leucine residues of A3F caused any decrease in levels of cellular expression or virion incorporation detected by immunoblotting. This does not completely exclude possible effects of these other mutants on protein folding. However, these results do indicate that core localization of A3F can be diminished in the absence of detectable decreases in its viral incorporation.
The determination of the mechanism whereby a leucine pair in each of two domains leads to a greater degree of virion core localization of A3F will require analyses that are beyond the scope of this report. Leucine pair-optimized folding of two domains, rather than one, may lead to twice as much interaction with a virion component that facilitates core localization. Alternatively, leucine pair-optimized folding of each domain may be needed for the correct conformation of a two-domain monomer (or oligomer) of A3F that improves a single interaction with an as-yet unidentified virion component. We hypothesize that core localization requires binding to only a subset (or one) of multiple virion components that mediate virion packaging. This may help explain why some A3 mutations affect both virion packaging and core localization while others affect only one of these processes.
It is also worth noting that earlier work showed that A3F W126A decreases localization into HIV cores in addition to impairing interaction with nucleocapsid and HIV-1 virion incorporation (24, 45) . Decreased HIV virion incorporation of A3F W126A was associated with decreased binding to 7SL RNA, and no decrement of binding to HIV genomic RNA or 5S rRNA was found (45) . RNase digestion of detergent-treated viral particles containing A3F (either WT, L122A, L184A, or L368A) prior to density gradient centrifugation was done as an initial test of the hypothesis that A3F core localization involves interaction with a virion RNA. However, RNase digestion did not alter the distribution of each A3F variant in the gradient (data not shown). This does not support the above-described hypothesis, although interaction with an RNA not accessible to RNase digestion cannot be excluded.
A3F mutations that specifically decreased localization to HIV cores diminished its anti-HIV restriction activity. This could be due to decreased virion core association itself or to changes in protein structure that independently affect both core association and restriction activity. Core localization of mA3 has been shown to be important for its deaminase-independent activity against Moloney murine leukemia virus and murine leukemia virus (25) (26) (27) 46) and for the anti-HIV activity of A3A (28, 29) . The magnitude of loss of antiviral activity against Vif-null HIV-1 for each of the A3F mutants that had decreased core localization (A3F L122A, L184A L306A, L368A, L364A/L368A, L368A/L372A, and L306A/ L368A) was similar to that of the deaminase-defective A3F E251Q, which did not have any alteration in core localization compared to wild-type A3F (data not shown). Thus, these experiments suggest that a similar diminishment in restriction activity occurs when A3F loses either its intrinsic deaminase activity or its access to the HIV genome in the core that is the target for deamination. However, intrinsic differences between different A3s (e.g., A3F versus A3G) may be more important in determining the relative antiviral potency of the different enzymes than the relative magnitude of core localization. It has been shown that A3F's deaminase activity is intrinsically limited relative to that of A3G (47) , and the more core-associated A3F may not be more potent in restricting HIV than A3G (24, 32, 48) .
Further study of mechanisms underlying the relatively better core localization of A3F may lead to the potential for virion engineering to therapeutically maximize antiviral effects of other A3s in the future. For example, small molecules might be developed that could stabilize a conformation that increases A3G's limited localization into cores, which may increase its overall anti-HIV activity and decrease the potential for evasion of Vif via decreased virion incorporation (49, 50) . Since the residues of A3F and A3G to which HIV-1 Vif binds in order to facilitate their proteasomal degradation are distinct from core-localizing determinants, agents being developed to antagonize Vif may not decrease core localization that enhances antiviral activity against Vif-null HIV by A3F. Since core localization is implicated in antiparvovirus activities of A3 enzymes (19, 20) and at least a portion of their anti-HBV activity (22, (51) (52) (53) (54) (55) , increased basic understanding of core localization also holds promise for improved treatments for those viruses.
